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ABSTRACT
As human populations rise, the level of man-made noise increases globally. Naval
sonar and boat traffic are underwater sound sources of particular concern to marine
mammal welfare. To better understand the impact of these noise increases on cetaceans,
studies can explore animals’ behavioral changes in response to noise. Studies have
investigated the ‘dose-response’ relationship between the received sound pressure level
of sonar signals and the behavior of cetaceans in the wild, but exposure studies in
controlled environments are limited. The studies in this dissertation examined bottlenose
dolphin vocal modifications during various experimental noise treatments. Acoustic
recordings previously obtained for bottlenose dolphins (Tursiops truncatus) exposed to
simulated (1 s, 3.25–3.45 kHz) sonar signals (Houser et al. 2013) were analyzed in
Experiment I. Thirty dolphins were trained to swim across an enclosure, touch a paddle,
and return to the starting location. Each dolphin was placed into one of six groups which
received a single sonar “ping” exposure of 115, 130, 145, 160, 175 or 185 dB re 1 μPa
while crossing the midpoint of the enclosure on exposure trials. Dolphins produced fewer
whistles in exposure trials except at the highest received level (185 dB re 1 μPa) where
more whistles and higher whistle repetition rates occurred. Dolphin vocalizations
mirrored previously reported behavioral responses from Houser et al. (2013) in that vocal
displays and behavior varied with increasing received level. This suggests that dolphins
show a differential vocal response to varying levels of simulated mid-frequency sonar
exposure, with the most dramatic changes occurring at the received SPL where trained
behaviors are abandoned.
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Experiment II examined the vocal modifications three dolphins (ages 30-52) used
in the presence of experimentally controlled background noise conditions. Behavioral
hearing tests using an adaptive up-down staircase, go/no-go procedure emitted 40-kHz
tones which dolphins responded to with a conditioned whistle. Dolphins performed this
task in San Diego Bay during ambient noise (control) conditions, as well as three
elevated bandpass noise (experimental) conditions: 0.6-5 kHz (125 dB re 1 μPa, mean
1/3-octave band level) and 0.6-10 kHz (115 and 125 dB re 1 μPa, mean 1/3-octave band
levels). The acoustic parameters of the dolphins’ response whistles and burst pulses were
analyzed, and provided examples of the Lombard effect in both whistles and burst pulses,
as well as increases in whistle harmonics and highest frequency present. These results fill
a gap in basic research and complement field studies of odontocete noise-induced vocal
modifications in the wild.
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CHAPTER I - INTRODUCTION
The increase in human population, globalization, industrialization, urbanization,
military endeavors, and energy exploration has changed the soundscape of our world.
Background noise is defined by the American National Standard Institute as "the total of
all sources of interference in a system used for the production, detection, measurement, or
recording of a signal, independent of the presence of the signal" (ANSI, 2005).
Anthropogenic noise is defined as any man-made ambient sound, affecting aquatic and
terrestrial animals alike. It is referred to as occupational noise, industrial noise,
environmental noise, noise pollution, or simply noise in the literature pertaining to
humans, and is defined there as any “excessive” or “unwanted” sound (Basner et al.,
2014; Clark & Stansfeld, 2007; Jhanwar, 2016; Smagowska & Pawlaczyk-Luszczynska,
2013; Stansfeld & Matheson, 2003). In non-human animal literature noise is similarly
defined as “useless information” (Bradley & Stern, 2008). The noise originating from
road traffic, trains, ships, construction, and machinery has reportedly increased levels of
stress hormones, headaches, fatigue, insomnia, blood pressure, hypertension,
cardiovascular disease, hearing loss, annoyance, and decreased overall quality of life in
humans (Basner et al., 2014; Clark & Stansfeld, 2007; Stansfeld & Matheson, 2003; Van
Kamp & Davies, 2013). Additionally, noise pollution affects cognition across age groups,
affecting memory, attention and communication in adults, work performance in
teenagers, and response times, concentration, reading ability, memory, learning and test
performance in children (Basner et al., 2014; Clark & Stansfeld, 2007; Kenda, Agoub, &
Ahami, 2014; Smagowska & Pawlaczyk-Luszczynska, 2013; Van Kamp & Davies,
2013).
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Studies on non-human animals have also found that noise pollution generally
increases levels of stress hormones and negatively impacts immune systems,
reproduction, development, metabolism, cardiovascular health, cognition, sleep, hearing,
and communication in a variety of species (Kight & Swaddle, 2011). For example, noiseinduced increased levels of glucocorticoids (i.e., stress hormones) in songbirds have been
shown to decrease immune system health, survivability, and song syllable diversity
(Kight & Swaddle, 2011; MacDougall-Shackleton et al., 2009).
1.1 Auditory masking, NIVMs, and the Lombard effect
Auditory masking occurs when the hearing threshold for one sound (i.e., desired
signal) increases due to another sound (i.e., noise), thereby reducing the audibility of the
desired signal (Southall et al., 2007). The masking sound can be a naturally occurring
ambient noise (e.g., wind, wave swell, birdsong, whale song, or snapping shrimp) or an
anthropogenic noise source (e.g., vehicle traffic). Acoustic noise can interfere with
important communicative information. In ground squirrels, urban noise masked the
predator-specific vocalizations that are used to warn conspecifics of oncoming threats
(e.g., snakes, birds, badgers, mammals). In order to compensate for the additional noise,
squirrels utilized the Lombard effect (Rabin, McCowan, Hooper, & Owings, 2003).
The Lombard effect refers to the involuntary increase of a speaker’s volume (i.e.,
level) in response to an increase in background noise level (Lombard, 1911). In human
literature, Lombard speech is the entire array of acoustic changes (e.g., in amplitude,
frequency, word duration) a signaler produces in response to changing environmental
noise and their altered perception of sound (Zollinger & Brumm, 2011). However, in
non-human literature, the umbrella term noise-induced vocal modification (NIVM)
2

accounts for any change from baseline vocal behavior that results from a rise in ambient
noise. The Lombard effect is just one type of NIVM; it is the most common method to
overcome masking noise in many species, but not all (Brumm & Zollinger, 2011;
Hotchkin & Parks, 2013). For example, male Chilean treefrogs have the ability to modify
the amplitude of their calls, but instead lengthen the duration and rate of their signals in
noisy conditions (Penna, Pottstock, & Velasquez, 2005). These NIVMs may have
evolved from the loud, simultaneous mate displays of conspecifics, and demonstrates the
need to measure additional acoustic features when studying anti-masking strategies on
various species (Penna, Pottstock, & Velasquez, 2005; Brumm & Zollinger, 2011).
Research on numerous bird species in urban areas found both the Lombard effect
(e.g., a rise in signal amplitude) and other NIVMs (e.g., an increase in signal duration,
redundancy, and frequency) functioning in tandem to minimize masking from lowfrequency road traffic noise (Brumm & Zollinger, 2011).
1.2 Ocean noise
In response to concerns about pervasive anthropogenic noise present in the ocean,
NIVM studies have been conducted for aquatic species and found similar results. Sound
travels much faster in water (1,500 m/s) than it does on land (340 m/s) (Bradley & Stern,
2008). Sound also propagates much further underwater than in air due to reduced
absorption. Since light is not transmitted with the same efficiency as sound underwater,
many marine animals have primarily evolved to rely on their acoustic, rather than their
visual, modality for vital daily function (Richardson, Greene, Malme, & Thomson, 1995;
Tyack & Miller, 2002). Therefore, increased levels of ocean noise are of particular
concern. Sources of aquatic anthropogenic sound include sonar, vessel movement,
3

seismic surveys, pile driving, wind farms, acoustic deterrents, and harassment devices
(Bradley & Stern, 2008; Nowacek, Thorne, Johnson, & Tyack, 2007; Williams et al.,
2015). The adverse effects of such sources have been documented in many species of fish
(including eels and seahorses), invertebrates (from scallop larvae to cephalopods),
crustaceans, turtles, pinnipeds, and cetaceans (Erbe, Reichmuth, Cunningham, Lucke, &
Dooling, 2016; de Soto, 2016; Houser, Martin, & Finneran, 2013a; Kight & Swaddle,
2011; Kunc, Lyons, Sigwart, McLaughlin, & Houghton, 2014; Radford, Kerridge, &
Simpson, 2014; Simpson, Purser, & Radford, 2015; Wale, Simpson, Radford, 2013a,
2013b). The study of anthropogenic ocean noise is rapidly advancing, but the issue is so
vast and relevant to today’s climate that there are still many gaps in the literature.
1.3 The effects of ocean noise on cetaceans
Many marine animals have evolved an acoustic sensory system to take advantage
of the underwater physics of sound. Cetaceans’ ability to produce relatively complex
sounds (e.g., whistles and echolocation clicks) for the purposes of communication,
navigation, foraging, reproduction, predator detection, and hazard avoidance has fostered
concern and scientific interest about the effects of masking on individual fitness and
species-wide sustainability (Erbe et al., 2016; Weilgart, 2007; Wright et al., 2007).
Cetaceans have shifted their migration paths, avoided certain areas, experienced
stranding, modified behaviors (e.g., diving, foraging, swim speed, and respiration rates),
and altered vocalizations (e.g., through the Lombard effect or becoming silent) in
response to anthropogenic noise (Weilgart, 2007; Wright et al., 2007).
A workshop was conducted prior to the 21st biennial conference on the biology of
marine mammals entitled the behavioral responses of cetaceans to anthropogenic sound:
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a community perspective on research priorities and future steps (Harris et al., 2015). This
was part of the larger Multi-study Ocean Acoustics Human Effects Analysis (MOCHA)
project, based in the University of St. Andrews and funded by the U.S. Office of Naval
Research (Harris & Thomas, 2015). Major stakeholder groups (e.g., academic and nonprofit researchers, students, personnel from conservation non-governmental organizations
(NGOs), commercial consultants, U.S. Navy, and non-Navy government) were
represented in the workshop, and overall there was a range of primary interests across
sound types (e.g., Navy sonar, pile driving, seismic exploration, oil drilling, boat noise,
explosions, acoustic deterrents, offshore wind farms, and industrial construction).
However, since naval sonar was polled to be the noise source with the greatest research
effort, and boat traffic was polled to be the noise type of greatest concern, this
dissertation will focus on these two types of ocean noise (Harris et al., 2015; Nowacek et
al, 2007).
1.4 Types of noise
For the duration of this manuscript, source level (the amplitude of a sound) and
bandwidth (the frequency range of a sound) will be important factors in discussing
anthropogenic noise in the literature (Table 1.1) and the experiments conducted in this
dissertation (Figure 3.2 and 4.3). For example, boat traffic noise exists primarily in the
frequency band from 0.01–5 kHz and can have a variety of source levels (up to 192 dB re
1 Pa @ 1m, Table 1.1; Figure 1.1). Noises with low-frequency bandwidths, like boat
noise, are pervasive because low-frequency sounds travel farther in the ocean as
attenuation coefficients increase with frequency. MFA Navy sonar can have higher
source levels than boat traffic (up to 235 dB re 1 Pa @ 1m), and are more similar to the
5

levels of a pile-driving hammer (Table 1.1, Hildebrand, 2009). However, their energy is
centered at higher frequencies (1-10 kHz), which means that sonar will not travel as far
underwater, and the two types of noise can have potentially very different impacts on the
animals that can hear them.
Table 1.1
Typical Sources of Anthropogenic Noise

Note: Omni: omnidirectional, CW: continuous wave, V: vertical, H: horizontal (From Hildebrand, 2009). Reference the source level
(dB re 1 PA at 1 meter) and bandwidth (Hz) when comparing to other noise sources in this manuscript.

1.4.2 Sonar noise
Hull mounted mid-frequency active (MFA, 1-10 kHz) and low-frequency active
(LFA, 0.1-0.5 kHz) naval sonar systems horizontally project brief (on the order of
seconds), often high source level pings (i.e., pulses) of sound into the ocean, and
accompanying hydrophone arrays detect any echoes reflecting off objects in the area
(e.g., submarines, mines, or marine mammals) (DOJ, 2015; MEM, 2003). Since naval
sonars operate over a wide range of frequencies and influence a large volumes of the
ocean, this anthropogenic noise has the potential to affect both a wide variety and a large
number of marine animals in the naval ships’ vicinity (MEM, 2003).
6

The cause of the Danish harbor porpoise mass-stranding in 2005 remains
unknown, but sonar exposure cannot be ruled out (Wright et al., 2013). More substantial
evidence from 1980-2000 exhibits groups of beaked whales beached with embolic gas in
their bloodstreams following nearby naval sonar exercises (Cox et al., 2006; Nowacek et
al., 2007). Although debate surrounds their exact cause of death (Jepson et al., 2003;
Piantadosi & Thalmann, 2004), it was hypothesized that sonar exposure induced an
inappropriately fast flight response, causing decompression-like symptoms (Fernández et
al., 2005; Wright et al., 2007). Since the naval sonar ban in the Canary Islands, no further
mass-strandings have occurred (Fernández, Arbelo, & Martin, 2013).
Projects to study MFA and LFA naval sonar have increased in both wild and
managed settings over the past decade, and have received funding from the U.S. Navy,
who operate some of the most powerful and advanced sonar systems in the world (Harris
& Thomas, 2015; MEM, 2003). Many of these projects are behavioral response studies
(BRSs) which aim to determine a relationship between a given noise dose and a
behavioral response (Harris & Thomas, 2015). These projects are separated by those with
and without an experimental design. Dose-escalation studies with an experimental design
are considered to be controlled exposure experiments (CEEs). Over the duration of the
exposure, researchers systematically increase the dose of noise. The ability to attach
animal-borne acoustic recording tags to cetaceans to collect received levels of noise,
vocal behaviors, dive depths, positions, and swim speeds has made a significant impact in
the way CEEs are conducted in the wild (Johnson, Aguilar de Soto, & Madsen, 2009).
However, if recording tag attachments (even via suction cup) induce a stress reaction, it
may affect the targeted response variables (e.g., behavioral reaction to sonar) (Johnson et
7

al., 2009). Therefore, observational studies remain the most certain way to ensure an
unbiased behavioral response (Harris & Thomas, 2015).
The Atlantic Undersea Test and Evaluation Center (AUTEC) project in 2007 was
one of the first BRSs to utilize sea-floor hydrophone arrays for the purpose of monitoring
acoustic response of cetaceans before, during, and after sonar exposure in the Bahamas.
AUTEC found that simulated sonar playbacks lower than 143 dB re 1 Pa (similar to
what was later used as a mid-range sonar level for experiment I in this dissertation,
Figure 3.2) caused beaked whales to cease foraging and echolocation behaviors in favor
of long, slow ascents and moving away from the exposure (Tyack et al., 2011). Actual
MFA (3-8 kHz) sonar exercises resulted in an absence of beaked whales in the exposure
area, which took up to three days to re-populate (Tyack et al., 2011). The Sea Mammals
and Sonar Safety (3S/3S2) project series (2006-2015) originally began out of a concern
for orcas (Orcinus orca) in Norway, and expanded to include other cetaceans (Harris &
Thomas, 2015; Lam, 2015; Miller et al., 2012; Sivle et al., 2015). The 3S research team
used simulated LFA (1-2 kHz) and MFA (6-7 kHz) sonar frequencies, and found that
tagged beaked whales dove significantly longer and deeper than is common for this
species (94 min, 2339 m) in order to potentially mitigate the exposure (Miller et al.,
2015).
Researchers from the Southern California Behavioral Response (SOCAL) project
(2010-2017) sampled from a large number of species, generating a substantial sample
size. They also conducted experiments with actual Navy sonar ships to provide more
realistic noise characteristics and ensure more ecologically relevant results
(Calambokidis, 2015; Harris & Thomas, 2015; Southall et al., 2012). Specific behavioral
8

reactions to sonar exposure included a reduction of feeding, increased avoidance
strategies, and the cessation or alteration of vocalizations (Southall, Nowacek, Miller, &
Tyack, 2016). Orcas reportedly ceased feeding, increased swim speed, changed direction,
and fled vertically or horizontally away from sources of sonar exposure (Miller et al.,
2014). During one of the flight attempts, an orca calf was separated from the pod (Miller
et al., 2014). This represented a very severe (8 out of 9) behavioral response score for
free-ranging marine mammals (Southall et al., 2007).
Acoustically, a tagged orca increased the high frequency of their whistles during
the 6-7 kHz sonar exposure (Experiment 3, Miller et al., 2014), while another group of
tagged orcas increased both the number and amplitude of calls following each ping
(Experiment 4, Miller et al., 2014). Male humpback whales (Megaptera novaeangliae)
increased the duration of their songs during LFA sonar exposure (Miller, Biasson,
Samuels, & Tyack, 2000). Similarly, pilot whales (Globicephala melas) increased the
number of whistles in response to military MFA sonar exposure (Rendell & Gordon,
1999).
Another controlled exposure study in pilot whales obtained similar results in
response to 30-minute sessions including 1-s, 214 dB re 1μPa @ 1m sonar exposure.
Pilot whales increased the number of vocalizations after exposure, but also increased
surface resting and group cohesion (Visser et al., 2016). The authors interpreted the
surface aggregation as evidence that sonar caused a predator-like defensive response
from the pilot whales. The group may have been preparing to defend itself or flee without
risk of separation (Visser et al., 2016).

9

There are benefits and drawbacks to studies conducted in the wild as well as
studies conducted in managed care facilities. Studies in the wild are ecologically
valuable. Wild cetaceans are untrained and produce behavioral responses that are easily
generalizable to other wild populations. However, wild studies have several
methodological limitations, such as stacked effects from recording tag attachments,
vessel harassment, and additional background noise. Wild studies are opportunistic by
nature and often rely on close cetacean proximity to a research vessel, which may
predispose data collection to certain (e.g., bold) individuals. Not all wild CEE studies
utilize tags, as is evident in Branstetter et al.’s (2018) study to test the frequency range of
hearing in Hawaiian humpback whales using controlled playbacks of amplitude
modulated noise, a feat not possible in managed care given the size and needs of the
species of concern. However, the benefits of conducting research in managed care when
possible should not be discounted. CEEs in managed care allow researchers to make
causal inferences without the use of recording tags or research vessels, and can control
testing conditions, ensuring that all test subjects receive stimuli in the same background
noise conditions. Additionally, facilities have background information on all test subjects,
so that age, sex, medical history, and hearing thresholds can inform differences in
individuals’ data.
The behavioral responses of California sea lions (Zalophus californianus) (Houser
et al., 2013a), harbor seals (Kastelein, Helder-Hoek, Janssens, Gransier, & Johansson,
2015), harbor porpoises (Kastelein et al., 2012; 2014; 2015; 2017), and bottlenose dolphins
(Houser, Martin, & Finneran, 2013b) to sonar exposure have been studied in managed care.
In the study with bottlenose dolphins, one of six simulated tactical sonar signals at varying
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levels (115, 130, 145, 160, 175, and 185 dB re 1μPa; Figure 3.2) would play at exactly the
same point in the enclosure as a dolphin approached a response paddle. At 175 dB SPL,
dolphins began to fluke slap and at 185 dB re 1μPa, they would not complete the task. As
is typical, animals habituated to quieter sounds (SPL ≤ 160 dB), did not habituate to louder
sounds (i.e., began to fluke slap; SPL ≥ 175 dB), and refused to participate when even
louder sounds (SPL = 185 dB re 1 μPa) were presented (Houser et al., 2013b). Although
great strides have been taken in sonar behavioral response studies, there are still relatively
few CEEs conducted in laboratories with complementary behavioral and acoustic
responses of animals.
1.4.3 Boat traffic noise
Boat traffic is increasing at a dramatic rate. Increases in aquatic eco-tourism,
recreational boating (Constantine, Brunton, & Dennis, 2004; Erbe, 2002; Foote, Osborne,
& Hoelzel, 2004; Lusseau, 2005; Miller et al., 2008), large ship presence (Erbe,
MacGillivray, & Williams, 2012), and global shipping routes (Hildebrand, 2009) are
major contributors (Buckstaff, 2004). The shipping industry has expanded with the rise in
human population and the drive to globalize. In just over a decade (1991-2002), there was
a fourfold increase in commercial shipping vessels in Washington state (Foote et al.,
2004).
The rapid increase in the eco-tourism industry may be in part due to newfound
profitability; its net worth was conservatively estimated at one billion dollars (Constantine
et al., 2004). The number of boats per year that actively followed marine mammals has
increased fourfold in only six years (1991-1997) (Foote et al., 2004). Similar results were
found in the Haro Strait, where orcas were on average exposed to a large boat every hour,
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every day, year-round in 2008 (Erbe et al., 2012). Likewise, a resident community of
dolphins was reportedly exposed to boats within 100 meters (m) every six minutes in
Florida’s Gulf Coast (Buckstaff, 2004).

Figure 1.1 Ocean noise spectral level comparison.
The generalized ocean ambient noise spectral levels shown here are for a deep-water site with hydrophone located at 1,000 m. Modern
shipping noise is 12 dB greater than wind noise in absence of shipping (From Hildebrand, 2009).

Polled as the single sound source of greatest concern for marine mammals (Harris
et al., 2015), commercial shipping has contributed to the increase of ambient noise across
ocean basins by as much as 12 dB below 100 Hz (Figure 1.1, Hildebrand, 2009). While
there are many sources of ambient noise in the ocean, longitudinal data (1994-2007)
show dramatic increases in amplitude over specific spectral bands (16-100 Hz)
dominated by ships (Andrew, Howe, & Mercer, 2011). An even longer (1963-2006)
comparison of ambient ocean noise in Southern California found ship noise in only 31%
of recordings in 1963 but 89% of recordings in 2006; the levels increased by 6-9 dB
whenever local ships were present (McDonald, Hildebrand, Wiggins, & Ross, 2008).
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Although commercial ships are a major contributor to low-frequency noise in the
ocean (5-500 Hz), faster modern ships are producing frequencies up to 30 or 44 kHz
(Aguilar Soto et al., 2006; Arveson & Venditis, 2000; Hildebrand, 2004; Wright et al.,
2007). Ship noise is primarily generated by the use of propellers, propulsion machinery,
or hydraulic flow over the hull. The increase in ship frequency discussed above is due to
the generation of higher speed outputs, resulting in more propeller-induced broadband
cavitation (Hildebrand, 2004).
The frequencies of concern for cetaceans may include those between their lower
and upper frequency hearing cut-offs. The estimated auditory bandwidth for lowfrequency cetaceans (e.g., baleen whales) is likely between 7 Hz - 22 kHz (although no
audiometric data currently exist for this group), and for high-frequency cetaceans (e.g.,
harbor porpoises and river dolphins) is between 200 Hz – 180 kHz (Southall et al., 2007).
Mid-frequency cetaceans (e.g., bottlenose dolphins, rough-toothed dolphins, orcas, and
many beaked whales) are the largest group, with a total of 57 species/subspecies. Their
estimated auditory bandwidth is 150 Hz – 160 kHz (Southall et al., 2007). Two general
spectral bands of concern overlaps between bottlenose dolphins’ auditory bandwidth and
their acoustic repertoire: relatively low-frequency communicative signals (4-20 kHz) and
higher-frequency biosonar signals (30-150 kHz) (Buckstaff, 2004; Cranford & Amundin,
2004). Therefore, an anthropogenic noise can interfere with communication, specifically
signal reception and can potentially affect production (i.e., NIVM).
1.4.3.2 Effect on Communication.
The global increase in boat traffic noise is particularly relevant for bottlenose
dolphins, whose whistle frequency range (4-20 kHz) overlaps with boat noise (0.1-10
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kHz), and may result in miscommunication, delays in information reception/processing,
and energetic wastefulness (Buckstaff, 2004). Many species of cetaceans respond to
interfering boat noise by utilizing the Lombard effect and NIVMs (Brumm &
Slabberkoorn, 2005). Bottlenose dolphins doubled their whistle repetition rate in response
to boat noise (Buckstaff, 2004). In another study, whistle frequency increased in the areas
with highest noise levels, while frequency modulation, maximum frequency, and duration
of whistles increased in areas where boat traffic was most prominent (May-Collado &
Wartzok, 2008). Belugas (Delphinapterus leucas) increased the number and frequency of
calls near boats, and increased the amplitude of vocalizations in response to increasing
ship noise (Lesage, Barrette, Kingsley, & Sjare, 1999; Scheifele et al., 2005). Similarly,
boat traffic has caused orcas to increase the duration of their calls (Foote et al., 2004),
and increase the amplitude of their signals by 1 dB in response to background noise
increases of 1 dB (Holt, Noren, Veirs, Emmons, & Veirs, 2009).
1.4.4 Associated risks of sonar and boat traffic
In response to ocean noise, a number of behavioral patterns may emerge, and some
of these behaviors may result in a variety of associated risks. There is an energetic cost to
modifying vocal behavior, as well as risks associated with using silence as a mechanism to
deal with sonar and boat noise. Risks on an individual scale include disrupting activity
budgets and on a population scale can lead to habitat displacement.
1.4.4.1 Energetic Cost.
A recent study measured the energetic cost of vocal modifications in bottlenose
dolphins, and found that longer, louder, and/or more repetitious signals resulted in 1.5
times higher metabolic rates even after the event concluded (Holt, Noren, Dunkin, &
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Williams, 2015). Theoretically, a dolphin who doubles their whistle repetition rate during
a vessel’s approach would increase their oxygen consumption by 352.2 ml, and would
need to replace 7 kJ worth of calories (Holt et al., 2015). This single ship encounter
would cost relatively few calories compared to the ideal caloric value of food consumed
in a day, which is around 42,000 kJ/day in managed care (Kastelein, Vaughan, Walton, &
Wiepkema, 2002). However, an environment with high boat traffic, constant vessel
encounters, and high ambient noise levels could cause a consistent need for NIVMs.
Additionally, various behavioral responses to boats (i.e., increased traveling/surface
behaviors and decreased foraging) may occur in combination with acoustic modification,
and result in a higher metabolic cost and lower caloric gain (e.g., fewer fish caught) (Holt
et al., 2015; Lusseau & Bejder, 2007). If a dolphin is consistently increasing their signal
repetition rate (as well as altering their behavioral budget) due to frequent boat
encounters, the metabolic and dietary cost on an individual could prove to be significant.
This is especially true when discussing energetically sensitive individuals, such as those
who are malnourished, young, pregnant, or lactating.
1.4.4.2 Silence.
Cetaceans have reportedly decreased or discontinued the use of vocalizations for
hours, weeks, or months following a traumatic, stressful, or noisy event (IWC, 2007;
Weilgart, 2007). Although this may be a coping mechanism that is less energetically
costly in the short term, the mechanism for this as well as the social and functional
repercussions could be important. For example, ship noise caused Cuvier’s beaked
whales (Ziphius cavirostris) to decrease the number of creaks (i.e., associated with prey
capture), as well as the duration of both their echolocation click trains and dives. This
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altogether reduced their foraging efficiency by 50% (Aguilar Soto et al., 2006). Another
beaked whale, the Northern bottlenose whale (Hyperoodon ampullatus), typically dives
and emits echolocation clicks while foraging. However, after sonar exposure, tagged
whales initiated very long, deep (94 min, 2,3389 m) dives, forgoing any click emissions
or foraging behavior (Miller et al., 2015). Sperm whales (Physeter macrocephalus)
decreased the number of creaks produced and reduce foraging dives and fluke strokes in
response to an approaching seismic survey vessel (IWC, 2007). In other studies, sperm
whales have responded to MFA sonar signals, seismic surveys, pingers, and highamplitude low-frequency sounds by refraining from acoustic behavior (Bowles, Smultea,
Würsig, DeMaster, & Palka, 1994; Watkins, Moore, & Tyack, 1985; Watkins & Schevill,
1975). Silence should not be confused with resting. Rather than an energy conservation
tactic, animals are depleting energy with deep dives and/or reduced foraging
opportunities in the presence of high-amplitude stimuli
1.4.4.3 Disrupting Activity Budgets.
In response to anthropogenic noise, dolphins may permanently abandon a habitat,
vacate temporarily, or stay to face the consequences (Bejder, Samuels, Whitehead, &
Gales, 2006). These different reactions to boat presence may divide the population into
those that will later leave permanently or remain. However, there are long-term costs of
remaining near a repetitive anthropogenic disturbance. For example, female reproductive
success and calf survival rates may decline and put the population at risk (Bejder, 2005;
Lusseau & Bejder, 2007; Miller et al., 2014).
Many cetaceans have been reported to stop normal (baseline) behaviors in favor
of avoidance behaviors (e.g., longer dive times, faster speeds, and change in direction)
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when subjected to boat or sonar exposure. Additionally, when a dolphin is subject to
repeated disturbance, more time is spent diving and swimming and there is less time to
feed (Miller et al., 2014; Williams et al., 2006). This lower caloric intake coupled with
excessive energy expenditure could be a major cause of concern.
Consistent disturbance that results in behavioral alterations can impact cetacean
health (Williams et al., 2014; Williams et al., 2015). Constantine et al. (2004) reported on
social, forage, rest, travel, and mill behaviors in bottlenose dolphins. They detected a
large decrease in resting behaviors as the number of boats increased, which they claimed
could result in the depletion of fitness, individual reproductive success, and population
size over time. Miller, Solangi, and Kuczaj (2008) found that passing speedboats
interrupted rest and feeding behaviors, and as a result dolphins showed increases in
avoidance behaviors (e.g., increased dive duration and traveling). Although determining a
biological effect is difficult when considering short-term responses, brief behavioral
changes has the potential to predict long-term effects like decreased health, viability, and
energy acquisition of a population (Miller et al., 2008).
1.4.4.4 Habitat Displacement.
Ultimately, changes in activity budget due to sonar or boat traffic noise could
result in habitat displacement. Although difficult to measure in the wild, Lusseau (2005)
was able to conduct a longitudinal study of bottlenose dolphin response to boat traffic in
Milford Sound, a large eco-tourism destination in New Zealand with more than 8,000
dolphin scenic cruise tours per year. High degrees of boat traffic corresponded with
resident dolphins spending the least amount of time in this fjord during the summer. If
dolphins were found in Milford Sound during the summer, they were more likely to be in
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the no boat zone. The opposite was true in the winter: when humans utilized Milford
Sound the least, dolphins utilized it the most. Historically (1968-1970), Milford Sound
was utilized as a nursery in the summer but rarely used in the winter.
1.5 Gaps in the literature
Although controlled exposure studies (CEEs) on wild populations provide
ecologically relevant information, their largest limitations involve stacked effects and
lack of control over third variables (Harris & Thomas, 2015). In the wild, dose-response
studies have come to rely on tagging animals for the best BRS data. However, this could
involve stressful factors (e.g., recording tag attachment, experimenter presence, proximity
to multiple boats) that might influence the response data. In addition, it is logistically
difficult to control levels of sonar exposure while also maintaining stable proximity to the
free-ranging subject. Other third variables that potentially affect the results, such as
individual personality, medical history, previous exposure to sonar/ boat traffic noise, and
preceding behavioral context can influence the subsequent response (Miller et al., 2008;
Read, 2015).
Moving the study site from the wild to managed care allows for much greater
control of third variables, and for the potential to determine causal relationships. There is
a need for CEEs that are able to causally link specific sound levels to behavioral and
acoustic responses of individual animals (Tyack, Gordon & Thompson, 2004). One way
to ensure that sound levels and other noise properties (like frequency bandwidth) are
consistent is to project calibrated computer-generated noise conditions, which are
controlled for at various doses.
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There are generally two colors of computer-generated noise used as stressors:
white noise and pink noise (Gisiner et al., 1998). White noise has an equal spectral
density (i.e., equal power per hertz) at all frequencies, and models most noise studied in
physics (Figure 1.2, Halley, 1996). The spectral density of pink noise decreases as the
frequency increases at a rate of 3 dB per octave. The decision to use pink noise over
white noise in experiment II of this dissertation is two-fold. Pink noise has less of a highfrequency bias in terms of the perceived loudness for humans, and likely for dolphins as
well. In addition, previous studies have used pink noise to successfully model and
address ecological questions in the literature (Halley, 1996; Halley & Inchausti, 2004).

Figure 1.2 Spectral density of various kinds of noise.
White noise contains equal energy across all frequencies, while noise energy decreases as frequency increases in pink noise (From
Halley, 1996).

Additionally, more BRSs should employ dose-response functions in their research
methodology (Houser et al., 2013b; Southall et al., 2016). This dissertation aims to
answer these needs, as well as the call to study the effects of specific features of noise
and the anti-masking strategies of marine mammals (Erbe et al., 2016). In this two-part
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experimental research design, I will study the relationship between different noise
conditions (e.g., simulated sonar and spectrally pink low-frequency noise) on the vocal
responses of bottlenose dolphins in the U.S. Navy Marine Mammal Program (MMP). I
will investigate the change in (I) vocal response to a simulated tactical sonar signal, as
well as (II) vocal modification in response to controlled low-frequency background noise
conditions.
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CHAPTER II – GENERAL METHODS
Atlantic bottlenose dolphins housed in modular, netted enclosures (9x9 m to
12x24 m) at the Space and Naval Warfare Systems Center (SSC) Pacific in San Diego
Bay, CA (Figure 2.1) participated in this series of experiments. The most commonly
studied small cetacean, bottlenose dolphin behavioral and acoustic repertoires are well
established, and experiments related to the research questions presented here have already
been conducted on this species.
Microsoft Excel was used for data organization, SPSS statistical software was
used for data analysis, and Raven Pro 1.4 (Charif, Waack, & Strickman, 2010) was used
for acoustic analysis.

Figure 2.1 Study area.
Modular bottlenose dolphin enclosures in San Diego Bay, CA. The smallest pens are 9x9 m and the largest are 12x24 m.
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CHAPTER III – EXPERIMENT I
What effects do a simulated tactical sonar signal (1-s duration, 3.25–3.45 kHz)
have on the vocal response (whistle abundance, repetition rate and parameters) of
bottlenose dolphins? At what noise level do dolphins change their vocal response?
3.1 Methods
Data were previously obtained in a study by Houser et al. (2013b), and were
collected at the MMP. All procedures were approved by the Institutional Animal Care
and Use Committee (IACUC) of the Biosciences Division, Space and Naval Warfare
Systems Center (SSC) Pacific, in San Diego, CA, USA, and the Department of the Navy
Bureau of Medicine. The study followed Department of Defense guidelines for the care
of laboratory animals. A separate IACUC was not required for the present analysis of this
archival dataset.
3.1.1 Participants
Thirty bottlenose dolphins, aged 6-45, were sampled from the MMP population.
The sex ratio was biased towards male (21) over female (9) dolphins. All subjects lived in
the same water conditions (Figure 2.1), and were not intentionally exposed to real or
simulated MFA sonar emissions before CEE trial participation.
3.1.2 Procedure
Trained dolphins were asked to swim across an enclosure beginning at point A
(Figure 3.1), touch their rostrum to a target paddle (point B, Figure 3.1), and return to the
starting location (point A, Figure 3.1) in 30 seconds or less (Houser et al., 2013b). If the
ABA behavior was accurately completed (e.g., successful touching of the paddle) within
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the allotted time, the dolphin received a fixed fish reinforcement of equal value [capelin
(Mallotus villosus)].

Figure 3.1 Experimental setup.
The netted test enclosure (9.1 × 18.3 m) within the San Diego bay location shown in Figure 2.1. Station locations are designated by
yellow letters. The arch over the enclosure held the overhead video cameras. Dolphins initiated each trial sequence on the middle of
the right side of the pen (station A), swam across the pen and touched a paddle on the opposite side (station B), and then returned to
the staring location. The sound source was 1 m behind station B and 1 m below the surface. During exposure trials, dolphins were
exposed to the simulated sonar signal at the midpoint of the enclosure (From Houser et al., 2013b).

Each dolphin independently performed ten back-to-back 30-s control trials,
followed by a break of several minutes and then ten back-to-back 30-s experimental
trials. Experimental trials differed from control trials only in that 1-s duration, 3.25-3.45
kHz simulated MFA sonar signal was played as the dolphin crossed the enclosure’s
midpoint, from point A to B (Figure 3.1). Each dolphin was only exposed to one of six
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predetermined received (rms) sound pressure levels (SPL): 115, 125, 145, 160, 175 or
185 dB re 1 μPa (Figure 3.2). If the participant did not cross the midpoint of the
enclosure, the simulated sonar playback was not presented. A Reson TC-4013
hydrophone, routed to a Reson VP1000 voltage amplifier (+32 dB) and stereo mixer
(Ashly MX-206), was positioned halfway between the sound source and point B (i.e., the
target paddle, Figure 3.1), and was used to record the dolphins’ vocal behavior during
trials.

Figure 3.2 Levels of simulated sonar.
The same levels of simulated tactical sonar were used in Houser et al. (2013b). Levels rise as colors change gradually to red. Dolphins
began to fluke slap at 175 dB re 1 μPa (magenta) and refused to participate at 185 dB re 1 μPa (red) (Houser et al., 2013b).

3.1.3 Analysis
Data were blind coded, as each file had a blank section of audio inserted while
each dolphin crossed the midpoint of the enclosure, from point A to B (Figure 3.1).
During an exposure trial, this would be the one second time window which the simulated
sonar signal was projected. Therefore, exposure sessions could not be differentiated from
the control sessions on acoustic analysis software.
Mixed multivariate analyses of covariance (MANCOVA) analyses utilized three
independent variables (IVs; session type, exposure level, and trial number), in which
session type was the within-subjects variable acting as the random effects factor
subjecting dolphins to repeated measures (i.e., control or experimental session with the
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same dolphin), sonar stimuli exposure level was the between-subjects variable acting as
the fixed effects factor (i.e., 115, 125, 145, 160, 175, and 185 dB SPL), and trial
number (1-10) was the covariate (Field, 2013). Measures for whistle abundance (number
of loops, whistles before trial sonar exposure, whistles after trial sonar exposure, and
overall number of whistles) and whistle parameters (high frequency, low frequency, delta
frequency, duration, and number harmonics) were collected in Raven Pro 1.4 acoustic
analysis software and used as dependent variables (DVs). The data for “whistles before
trial sonar exposure” included whistles produced before a dolphin crossed the midpoint of
the enclosure, traveling from point A to B. “Whistles after trial sonar exposure” included
whistles produced only after a dolphin crossed the midpoint of the enclosure, traveling
from point A to B (Figure 3.1). If a dolphin did not cross the midpoint of the enclosure
within a trial period, the whistles from that trial were included in the data before trial
sonar exposure. Dolphins were not exposed to sonar stimuli during control trials.
However, whistles were still measured before and after crossing the midpoint of the
enclosure in order to compare results to whistles in exposure trials. Follow-up
MANCOVAs (with respective IV and covariate, exposure level and trial number) and
conservative post-hoc Bonferroni tests were used to further investigate differences within
individual dependent variables and between exposure levels.
3.2 Results
3.2.1 Whistle abundance
Overall, session type (control or exposure) was a significant predictor of whistle
abundance (number of loops, whistles before trial sonar exposure, whistles after trial
sonar exposure, and overall number of whistles), F(3, 238) = 5.902, p = 0.001, Wilks’ λ =
25

0.931, partial η2 = 0.069. Dolphins on average produced more loops (F(1, 240) = 9.688, p
= 0.002) and whistles after crossing the pool (F(1, 240) = 10.656, p = 0.001) in control
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trials (Figures 3.3 and 3.4).
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Figure 3.3 Number of loops across exposure levels.
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Data represents the average number of loops, on a per-trial basis, with standard error bars.
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Figure 3.4 Number of whistles after sonar exposure across exposure levels.
Data represents the average number of whistles after sonar exposure, on a per-trial basis, with standard error bars. In control trials
(blue line) this accounts for the time spent after crossing the midpoint of the enclosure.
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Additionally, exposure level, F(15, 657) = 4.159, p < 0.001, Wilks’ λ =
0.779, partial η2 = 0.080 interacted with session type to predict trends in whistle
abundance. Specifically, this interaction had a significant effect on the number of
loops, F(5, 240) = 7.957, p < 0.001, the number of whistles dolphins produced before
sonar exposure, F(5, 240) = 4.765, p < 0.001, and the overall number of whistles dolphins
produced during a trial, F(5, 240) = 3.006, p = 0.012 (Figures 3.3, 3.5, and 3.6).
A follow-up MANCOVA (using only exposure level and trial number for
IV and covariate) confirmed that the number of loops, F(5, 240) = 5.525, p < 0.001,
the number of whistles dolphins produced before sonar exposure, F(5, 240) = 4.668, p <
0.001, and the overall number of whistles dolphins produced during a trial, F(5, 240) =
4.485, p = 0.001 were significantly impacted by exposure level alone, F(15, 657) =
2.876, p < 0.001, Wilks’ λ = 0.839, partial η2 = 0.057 (Figures 3.3, 3.5, and 3.6).
Bonferroni post hoc tests found that during exposure trials, dolphins produced
significantly more loops in the 185 dB re 1 μPa noise condition than in the 125 dB re 1
μPa (p = 0.008), 145 dB re 1 μPa (p = 0.001), 160 dB re 1 μPa (p = 0.001), or 175 dB re 1
μPa (p = 0.002) noise conditions (Figure 3.3, red line only). Additionally, dolphins
exposed to 185 dB re 1 μPa of simulated sonar produced more whistles in the time before
sonar exposure (per trial) as compared to dolphins in any other noise condition (115 dB
re 1 μPa, p = 0.005; 125 dB re 1 μPa, p = 0.005; 145 dB re 1 μPa, p = 0.003; 160 dB re 1
μPa, p = 0.003; 175 dB re 1 μPa, p = 0.003) (Figure 3.5, red line only). Likewise,
dolphins exposed to 185 dB re 1 μPa of simulated sonar produced more whistles overall,
as compared to dolphins in all other noise conditions (115 dB re 1 μPa, p = 0.053; 125 dB
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re 1 μPa, p = 0.007; 145 dB re 1 μPa, p = 0.002; 160 dB re 1 μPa, p = 0.002; 175 dB re 1

Average Number of Whistles
Before Sonar Exposure

μPa, p = 0.005) (Figure 3.6, red line only).
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Figure 3.5 Number of whistles before sonar exposure across exposure levels.
Data represents the average number of whistles before sonar exposure, on a per-trial basis, with standard error bars. In control trials
(blue line) this accounts for the time spent after crossing the midpoint of the enclosure.
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Figure 3.6 Overall number of whistles across exposure levels.
Data represents the average number of whistles overall, on a per-trial basis, with standard error bars.
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Trial number did not interact with session type to predict trends in whistle
abundance, F(27, 695) = 1.099, p = 0.334, Wilks’ λ = 0.88 0l,334)5, and there was
no significant three-way interaction between session type, exposure level,
and trial either, F(135, 714) = 1.123, p = 0.180, Wilks’ λ = 0.562.
3.2.2 Whistle parameters
Overall, session type (control or exposure) was not a significant predictor of
whistle parameters (low frequency, high frequency, delta frequency, duration, and
number of harmonics) (i.e. there was no overall positive or negative trend in Whistle
parameters as a whole), F(2, 1) = 3.608, p = 0.349, Wilks’ λ = 0.122. Additionally,
neither exposure level, F(8, 2) = 0.749, p = 0.684, Wilks’ λ = 0.063, nor trial
number, F(10, 2) = 0.960, p = 0.612, Wilks’ λ = 0.030, interacted with session
type to predict trends in whistle parameters. There was also no significant threeway interaction between session type, exposure level, and trial, F(4, 2) = 0.655, p
= 0.678, Wilks’ λ = 0.187.
3.3 Discussion
Simulated tactical sonar signals (1-s duration, 3.25–3.45 kHz) affected bottlenose
dolphin whistle abundance variables (loops, whistles before sonar exposure, whistles
after sonar exposure, and overall number of whistles), but did not have a significant
impact on the whistle parameters measured (low frequency, high frequency, delta
frequency, duration, and number of harmonics). Overall, simulated sonar stimuli seemed
to decrease the number of whistles and loops dolphins produced, as compared to control
trials, which were treated as measures of the dolphins’ baseline vocal behavior. However,
that does not mean that dolphins exposed to different levels of sonar had equivalent
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reactions. In fact, dolphins produced significantly more whistles and loops during the
highest sonar exposures (185 dB re 1 μPa). There is a similar pattern between all whistle
abundance variables during exposure trials; whistles and loops exponentially decreased as
exposure levels increased from 115 to 160 dB re 1 μPa, then increased slightly at 175 dB
re 1 μPa before increasing significantly during 185 dB re 1 μPa sonar exposures (Figures
3.3-3.6, red lines).
3.3.1 Implications and significance
The highest levels of sonar exposure (185 dB re 1 μPa, and to a lesser extent 175
dB re 1 μPa) were disruptive to behavior, specifically terminating participation in the
task, and caused dolphins to whistle significantly more. Repetitive noise-induced whistles
incur a higher caloric cost (Holt et al., 2015), indicating that MFA simulated sonar
exposures at 185 dB re 1 μPa were energetically taxing events. Although “refusing to
participate” means that dolphins assigned to the highest-level (185 dB re 1 μPa) group
did not cross the enclosure, and most of their whistles were classified as being produced
“before sonar exposure,” the number of whistles produced overall was still significantly
higher during 185 dB re 1 μPa exposures than in all other exposure levels.
Additionally, the pattern showing that whistle abundance decreased exponentially
from low to mid-range sonar exposures (115 to 160 dB re 1 μPa) complements the
behavioral finding that dolphins habituated to exposures  160 dB re 1 μPa (Houser et al.,
2013). Perhaps dolphins became increasingly quiet to reserve energy to complete the task
in higher-level conditions. This could easily be a by-product of their intensive training as
U. S. Navy animals. However, many cetaceans have been observed to reduce their vocal
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activity in response to sonar in the wild, and the exponential decrease in vocalizations
observed in this study could be evidence of the same pattern.
In contrast, at higher levels of sonar exposure (175 dB re 1 μPa), the behavior of
dolphins began to falter and the number of dolphin vocalizations increased. A significant
increase in whistles and loops was accompanied by a failure to cross the enclosure, fluke
slaps, and changes in respiration during the highest-level exposures (185 dB re 1 μPa).
Whistle rate and number of loops have been used as potential indicators of stress in
bottlenose dolphins, and are seen in the context of short capture-release sessions and
mother-calf separations (Esch et al., 2009). Wild orcas and pilot whales increased the
number of their calls following high levels sonar exposure as well (Miller et al., 2014;
Rendell & Gordon, 1999). This is the first dose-response study to find this result in
managed care, with controlled noise source levels, personal histories, and other third
variable concerns. This is also the first study to find this result in bottlenose dolphins in
any setting.
3.3.2 Limitations and future directions
There was a large amount of variability in the control, or baseline vocal behavior,
of the bottlenose dolphins across exposure levels. However, the variability across
assigned groups is not surprising. Different dolphins were assigned to each exposure
randomly. Dolphins can vary greatly in the number of vocalizations they emit, and this
can be influenced by previous training, other past history, social dynamics, personality,
and behavioral context. Considering the consistency in pattern and results across the
whistle abundance variables in the exposure trials, the variation across exposure levels
can likely be attributed to the exposure levels themselves. The variability in control trials
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might however be due to individual variation. An additional MANCOVA (using the same
four whistle abundance variables for control trials only) ensured that the control data did
not depict the same significant results or patterns as the experimental data. Number of
whistles before, after, or overall were not significantly different across assigned exposure
groups. The exception for this was number of loops (Figure 3.3, blue line). Dolphins
assigned to the second to the highest sound exposure group (175 dB re 1 μPa) produced
more loops (M = 1.04) than dolphins in most of the other assigned groups (125 dB re 1
μPa, p < 0.001; 145 dB re 1 μPa, p < 0.001; 160 dB re 1 μPa, p < 0.001; 185 dB re 1 μPa,
p = 0.001), and more than their own scores during exposure trials as well (M = 0.12).
However, this is a different result than the one found between the exposure trials, in
which dolphins produced most loops after exposure to a 185 dB re 1 μPa noise (Figure
3.3, red line). In fact, dolphins assigned to the highest group (185 dB re 1 μPa) produced
fewer loops (M = 0.38) during control/baseline trials, and increased this number during
exposure trials (M = 0.62).
The amplitudes of whistle responses to the simulated sonar were not avaliable due
to the variability in the dolphins’ position in the enclosure, and the limitations of having
only one receiving hydrophone in the enclosure. It is possible that a whistle parameter not
included in this acoustic analysis (e.g., whistle amplitude) would have been impacted by
exposure level, as it is impacted in other stressful contexts, such as mother-calf
separations and capture-release contexts (Esch et al., 2009). Future studies on sonar
should attempt to measure this important response variable.
The increase of whistle rate and number of loops makes a convincing argument
that bottlenose dolphins consider 185 dB re 1 μPa sonar exposures a significant event.
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Because this is a dose response study, we can theorize that this pattern (exponentially
reduced vocal behavior up to 160 dB re 1 μPa, and then an increase beginning at 175 dB)
may be a generalizable pattern to wild dolphins. While not as obviously deleterious as
exposures  175 dB re 1 μPa, this reduction in vocal behavior is still an impact that
warrants further investigation.
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CHAPTER IV – EXPERIMENT II
How do bottlenose dolphin vocalizations change in the presence of three
spectrally pink controlled noise conditions?
4.1 Methods
Data were collected at the MMP from August 2017 to January 2019, with aid
from researchers and trainers contracted by the National Marine Mammal Foundation
(NMMF). IACUC approval was obtained with Protocol #114-2015 NRD-969 titled
“Electrophysiology and Behavior of Marine Mammal Hearing and Vision” from the
Biosciences Division of SSC Pacific and the Department of the Navy Bureau of
Medicine.
Custom software at the MMP was used for calibrating noise conditions and tonal
signals (Evoked Response Study Tool, EVREST) (Finneran, 2008; 2009), generating
spectrally pink background noise conditions, and conducting hearing tests (Hearing Test
Program, HTP) (Finneran, 2003).
4.1.1 Participants
One female (BLU) and two male (TYH, SPA) bottlenose dolphins, aged 30-52,
participated in this study. All three dolphins were previously trained to perform a hearing
test and emit a conditioned response whistle, which had a consistent and unique contour.
All participants were previously exposed to a variety of boat traffic and other natural and
anthropogenic noise as individuals live in netted enclosures in busy San Diego Bay
(Figure 2.1).
4.1.2 Procedure
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During the hearing test procedure, bottlenose dolphins stationed on a bite plate
underwater, and were reinforced to participate by emitting a whistle when they could hear
a 40-kHz stimulus tone (Figure 4.1). This go/no-go hearing test procedure sequentially
decreased the level of the 40-kHz tone by 3 dB increments if the dolphin responded to the
tone (“hit”), and increased the tone 3 dB if they did not (“miss”). A reversal was
considered a hit followed by a miss, or vice versa. Hearing tests were complete when the
dolphin completed six reversals, cumulating in a behavioral auditory threshold (Figure
4.2). Dolphins voluntarily performed this task when background noise conditions were
manipulated.
During the hearing test procedure, bottlenose dolphins stationed on a bite plate
underwater, and were reinforced for emitting a whistle in the presence of a frequencymodulated (10%) 40-kHz tone, and for withholding response in the absence of a tone
(Figure 4.1). Catch trials (no tone) were embedded in the HTP program (BLU 25%, TYH
30%, SPA 40%), and signal present/catch trials were randomly assigned. Responses on
catch trials, or withholding response in the presence of a 40-kHz tone were not reinforced.
A go/no-go hearing test procedure sequentially decreased the level of the 40-kHz tone by
3-dB increments if the dolphin responded to the tone (“hit”), and increased the tone 3 dB
if they did not (“miss”). A reversal was considered a hit followed by a miss, or vice versa.
Hearing tests were complete when the dolphin completed six reversals, cumulating in a
behavioral auditory threshold (Figure 4.2). Dolphins voluntarily performed this task when
background noise conditions were manipulated.
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Figure 4.1 Experimental setup.
This experiment took place within the same netted pen for all three dolphins. This experimental setup was very similar to typical
hearing test procedural setups conducted with US Navy Marine Mammal Program dolphins in San Diego Bay, CA. [A] Each trial
began with the trainer directing the dolphin to dive underwater and position herself on a “biteplate” in front of three underwater
speakers (Lubell LL9162T, ITC 1032, EV UW30). [B] Once on the biteplate, the dolphin waited for the hearing test tone to be
presented (ITC 1032). When the dolphin heard the tone, she whistled in response. The researcher let the dolphin know that she was
correct by playing a “reward buzzer” out of an underwater speaker (EV UW30). The dolphin often responded to the reward buzzer
with a “victory squeal” burst pulse before [C] coming up for a fish reward. The dolphin’s vocalizations were recorded from the
melonphone (hydrophone in a green suction cup) just behind her blowhole.

Figure 4.2 Example hearing test procedure data.
Sample of BLU’s data from the Hearing Test Procedure (HTP) computer software. Each filled in circle represents a correct response
(“hit”), and each empty circle represents an incorrect response, in which the dolphin could not hear the 40-kHz tone (“miss”). Since
each hit signifies a whistle response, BLU produced 11 whistles here which were applied to this data set. Her auditory threshold for
this session is between the stimulus level of sequential hits and misses (approx. 72 dB re 1 Pa). Each green cross indicates a catch
trial (“correct rejection”).
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The three spectrally-pink background noise conditions were given acronym labels for
purposes of identification and discussion (Figure 4.3). San Diego Bay ambient noise
(measured at 103 dB re 1 Pa average level at both 0.6-5 kHz and 0.6-10 kHz) remained
as the “control”. The pink noise condition with the narrower bandwidth and higher level
was labeled “NBHL” (0.6-5 kHz / 125 dB re 1 Pa, mean 1/3-octave band level). The
pink noise condition with the wider bandwidth and lower level was labeled “WBLL”
(0.6-10 kHz / 115 dB re 1 Pa, mean 1/3-octave band level). The pink noise condition
with the wider bandwidth and higher level was labeled “WBHL” (0.6-5 kHz / 125 dB re
1 Pa, mean 1/3-octave band level) (Figure 4.3).

Figure 4.3 Properties of spectrally pink background noise.
Noise bandwidths and levels of pink noise. Control: Level is the average of all San Diego Bay noise measurements taken at 0.6-5 kHz
and 0.6-10 kHz bandwidths. NBHL: Narrower Bandwidth / Higher Level pink noise (0.6-5 kHz / 125 dB re 1 Pa, mean 1/3-octave
band level), WBLL: Wider Bandwidth / Lower Level pink noise (0.6-10 kHz / 115 dB re 1 Pa, mean 1/3-octave band level), WBHL:
Wider Bandwidth / Higher Level pink noise (0.6-5 kHz / 125 dB re 1 Pa, mean 1/3-octave band level).

All noise conditions and 40-kHz tones projected during the HTP were first
calibrated without dolphins in the enclosure. The four background noise conditions
(Figure 4.3) were digitally generated using a PC with a National Instruments
multifunction data acquisition module (NI USB-6251), amplified (Peavey PVi 4B), and
projected into the enclosure using a dedicated Lubell underwater speaker (Lubell
LL9162T). 40-kHz tones were filtered / attenuated (EVREST), projected underwater
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(ITC 1032), and calibrated using EVREST software (Finneran, 2008; 2009) and a Reson
TC-4013 hydrophone (positioned in front of the biteplate), routed to a Reson VP1000
voltage amplifier (+26 dB), Stanford Research SR560 filter (300 kHz), and stereo mixer
(Line 6 UX8).
Once calibrations were complete, the Reson TC-4013 hydrophone was moved out
of the way (Figure 4.1, red arm) to allow dolphins to station on the biteplate. Recordings
of the dolphin vocalizations were made with a melonphone (Reson TC-4013 embedded in
a green suction cup) placed one inch behind the dolphin’s blowhole in order to maximize
the signal-to-noise ratio, and was routed to a Reson VP1000 voltage amplifier (+26 dB),
Stanford Research SR560 filter (300 kHz), and stereo mixer (Line 6 UX8), prior to
digitization at 1,000 kHz sampling rate (Figure 6). Additionally, an EV UW30 speaker
was used to project a reinforcement sound (“reward buzzer”) underwater to inform
dolphins of correct detections and correct rejections (Figure 4.1, blue arm). The four
background noise conditions were presented to dolphins independently during
experimental trials (Figure 4.3) using a balanced Latin square design to minimize order
effects.
Whistle duration (s), response latency (s), center time (s), high frequency (Hz),
center frequency (Hz), amplitude (dB re 1 Pa), and number of harmonics were measured
(Table 4.1). In addition, the duration (s), center frequency (Hz), and amplitude (dB re 1
Pa) of burst-pulses with sweeping inter-pulse intervals (i.e., victory squeals) following
response whistles were measured as well (Ridgway, Moore, Carder, & Romano, 2014).
Table 4.1
Vocalization Parameters
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Parameter

Unit

Definition

Duration

s

The difference between the start and end time of a vocalization, also
known as “delta time”.

Response latency

s

The difference between the start of the trial and the start of a whistle.

Center time

s

The time at which a whistle is divided into two intervals of equal energy.
This is an additional, more subjective measure of “response latency”.

High frequency

Hz

The upper frequency bound of a whistle.

Center frequency

Hz

The frequency that divides a vocalization into two frequency intervals of
equal energy.

Amplitude

dB re
1 Pa

Known as “RMS level” and accounts for background noise with the
following equation, where W is whistle energy, and C contains energy
with equivalent duration and high frequency in the same background
noise condition but no vocalization:
10log10(10W/10 – 10C/10)

Number of
harmonics

#

The fundamental frequency is not included in the count. Harmonics are
defined as overtones that mimic the frequencies of a fundamental
source frequency, occurring at integer multiples above the
fundamental*.

Note: Acoustic analysis of whistles included all six parameters above. Acoustic analysis of “victory squeal” burst pulses includes
duration (s), center frequency (Hz), and amplitude (dB re 1 Pa). Definitions modified from the Raven Pro 1.4 manual (Charif,
Waack, & Strickman, 2010) and Jones, Zapetis, Samuelson, & Ridgway (2019)*.

4.1.3 Analysis
Initial analyses (factorial MANCOVAs with IVs noise condition, dolphin ID, and
hearing test tone SPL) were used to access (1) if compiling all response data together
from the three dolphins was appropriate, and (2) if dolphin responses were dependent on
the projected test tone SPL. Follow up MANOVAs utilized one independent variable
(noise condition) and multiple dependent variables of whistles (i.e., response latency,
duration, high frequency, center frequency, harmonics, center time, and amplitude) and
burst pulse (i.e., duration, center frequency, amplitude) responses (Field, 2013). Whistles
and burst pulse responses were analyzed separately, as were the results of individual
dolphins. Additionally, noise condition properties, noise bandwidth (IV1: 0.6-5 kHz, 0.610 kHz) and noise level (IV2: 115 dB re 1 Pa, 125 dB re 1 Pa), were investigated
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independently and analyzed in a two-way MANOVA with the same dependent variables
above.
4.2 Results
4.2.1 Initial analysis
To ensure that the dolphins were not changing their whistle or burst pulse
parameters in response to changing levels of the 40-kHz hearing test tone, factorial
MANCOVA analyses showed no effect on response whistles, F (21, 3587) = 0.867, p =
0.635, Wilks’ λ = 0.986, partial η2 = 0.005, or on burst pulses, F (9, 3025) = 0.606, p =
0.793, Wilks’ λ = 0.996, partial η2 = 0.001. Therefore, the third variable “hearing test
tone SPL” was eliminated. However, the factorial MANCOVA also showed that dolphins
had significantly different response whistles (F (42, 5861) = 1.601, p < 0.008, Wilks’ λ =
0.948, partial η2 = 0.009) and burst pulses (F (18, 3516) = 2.415, p = 0.001, Wilks’ λ =
0.966, partial η2 = 0.012) from each other. Therefore, analyses to investigate differences
between vocalization parameters were conducted on each dolphin independently. The
three noise conditions were also labeled NBHL (0.6-5 kHz bandpass / 125 dB re 1 Pa),
WBLL (0.6-10 kHz bandpass / 115 dB re 1 Pa), and WBHL (0.6-10 kHz bandpass / 125
dB re 1 Pa) for analysis and interpretation.
4.2.2 Whistle responses
Across all conditions, the dolphins had significantly different latencies to respond
(p < 0.001, Figure 4.4), center times (p < 0.001, Figure 4.5), whistle durations (p < 0.001,
Figure 4.6), number of harmonics (p < 0.001, Figure 4.7), whistle amplitudes (p < 0.001,
Figure 4.8), and center frequencies (p < 0.001, Figure 4.9) from each other. Additionally,
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SPA produced whistles with significantly higher high frequency than BLU (p < 0.001)
and TYH (p < 0.001) across all noise conditions (Figure 4.10).
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Figure 4.4 Latency to respond to HTP tone stimuli across noise conditions.
Mean response latency values and standard error bars.
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Figure 4.5 Whistle center time across noise conditions.
Mean center time values and standard error bars.
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Figure 4.6 Whistle duration across noise conditions.
Mean whistle duration and standard error bars.
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Figure 4.7 Number of harmonics on whistles across noise conditions.
Mean number of harmonics and standard error bars.
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Whistle Amplitude (dB re 1 μPa)
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Figure 4.8 Whistle amplitude across noise conditions.
Mean whistle amplitude and standard error bars.
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Figure 4.9 Whistle center frequency across noise conditions.
Mean center frequency and standard error bars.

43

0.6-10 kHz /
125 dB re 1 μPa

94000

High Frequency (Hz)

BLU
TYH

84000

SPA
74000
64000
54000
44000
Control

0.6-5 kHz /
125 dB re 1 μPa

0.6-10 kHz /
115 dB re 1 μPa

0.6-10 kHz /
125 dB re 1 μPa

Noise Condition

Figure 4.10 Whistle high frequency across noise conditions.
Mean high frequency and standard error bars.

4.2.2.2 BLU.
BLU whistled differently in each noise condition, F (21, 1286) = 4.297, p <
0.001, Wilks’ λ = 0.823, partial η2 = 0.063. The duration (F (3, 454) = 3.183, p = 0.024,
partial η2 = 0.021), high frequency (F (3, 454) = 11.399, p < 0.001, partial η2 = 0.070),
number of harmonics (F (3, 454) = 16.613, p < 0.001, partial η2 = 0.099), and amplitude
(F (3, 454) = 12.232, p < 0.001, partial η2 = 0.075) of her whistles were affected by
changes in background noise.
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Figure 4.11 Whistle duration across noise conditions (BLU).
Mean whistle duration with standard error bars; * = p < 0.05.

BLU produced shorter duration whistles during NBHL exposures, compared to
those produced during WBLL exposures (p = 0.042, Figure 4.11). This finding was
different from her other parameters: High frequency, number of harmonics, and whistle
amplitude increased with increasing bandwidth and level, respectively. BLU produced
whistles with the highest high frequency (p < 0.05, Figure 4.12), most harmonics (p <
0.001, Figure 4.13), and highest amplitude (p  0.024, Figure 4.14) during WBHL
exposures. In addition, whistles produced during WBLL exposures had significantly
higher frequencies (p = 0.017), more harmonics (p < 0.001), and higher amplitudes (p =
0.035) than those in control trials.
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Figure 4.12 Whistle high frequency across noise conditions (BLU).
Mean high frequency with standard error bars; * = p < 0.05, brackets connect data that are significantly different, such as control and
WBLL.
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Figure 4.13 Number of whistle harmonics across noise conditions (BLU).
Mean number of harmonics with standard error bars; * = p < 0.05, brackets connect data that are significantly different, such as
control and WBLL.
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Figure 4.14 Whistle amplitude across noise conditions (BLU).
Mean whistle high frequency with standard error bars; * = p < 0.05, brackets connect data that are significantly different, such as
control and WBLL.

4.2.2.3 TYH.
TYH whistled differently in each noise condition, F (21, 1140) = 16.089, p <
0.001, Wilks’ λ = 0.475, partial η2 = 0.220. Specifically, his latency to respond (F (3,
403) = 2.705, p = 0.045, partial η2 = 0.020), center time (F (3, 403) = 3.217, p = 0.023,
partial η2 = 0.023), duration (F (3, 403) = 32.814, p < 0.001, partial η2 = 0.196), high
frequency (F (3, 403) = 5.544, p = 0.001, partial η2 = 0.040), harmonics (F (3, 403) =
19.946, p < 0.001, partial η2 = 0.129), and amplitude (F (3, 403) = 45.945, p < 0.001,
partial η2 = 0.255) of his whistles were affected by changes in background noise.
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Figure 4.15 Latency to respond to HTP tone stimuli across noise conditions (TYH).
Mean latency to respond with standard error bars; * = p < 0.05, brackets connect data that are significantly different.
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Figure 4.16 Center time across noise conditions (TYH).
Mean center time with standard error bars; * = p < 0.05, brackets connect data that are significantly different.

TYH took longer to respond to 40-kHz tones during WBLL noise conditions,
compared to the rapid responses during the NBHL exposures (p = 0.04, Figure 4.15).
This result is mirrored by his center time data: TYH produced whistles with a greater
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center time during WBLL noise conditions, as compared to the NBHL conditions (p =
0.04, Figure 4.16).
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Figure 4.17 Whistle duration across noise conditions (TYH).
Mean whistle duration with standard error bars; * = p < 0.05, brackets connect data that are significantly different, such as WBLL and
NBHL.
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Figure 4.18 Whistle high frequency across noise conditions (TYH).
Mean high frequency with standard error bars; * = p < 0.05, brackets connect data that are significantly different, such as WBHL and
NBHL.
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TYH produced the longest (p < 0.001, Figure 4.17), highest amplitude (p < 0.001,
Figure 4.20) whistles, with the most harmonics (p  0.002, Figure 4.19) during WBHL
exposures, and significantly longer (p  0.001) whistles with more harmonics (p < 0.05)
during WBLL (p  0.001) trials compared to whistles in NBHL or control trials.
Additionally, he produced whistles with significantly higher amplitude during WBLL (p
< 0.001) and NBHL (p < 0.001) exposures compared to whistles during control trials
(Figure 4.20). He also had higher frequency whistles during WBHL exposures, compared
to both NBHL (p = 0.002) and control (p = 0.004) trials (Figure 4.18).
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Figure 4.19 Number of whistle harmonics across noise conditions (TYH).
Average number of harmonics with standard error bars; * = p < 0.05, brackets connect data that are significantly different, such as
WBLL and NBHL.
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Figure 4.20 Whistle amplitude across noise conditions (TYH).
Mean whistle amplitude with standard error bars; * = p < 0.05, brackets connect data that are significantly different, such as WBLL
and control.

4.2.2.4 SPA.
SPA whistled differently in each noise condition, F (21, 1160) = 5.468, p < 0.001,
Wilks’ λ = 0.763, partial η2 = 0.086. Specifically, the center time (F (3, 410) = 3.031, p =
0.029, partial η2 = 0.022), duration (F (3, 410) = 9.241, p < 0.001, partial η2 = 0.063),
high frequency (F (3, 410) = 3.795, p = 0.01, partial η2 = 0.027), harmonics (F (3, 410) =
3.670, p = 0.012, partial η2 = 0.026), and amplitude (F (3, 410) = 11.115, p < 0.001,
partial η2 = 0.075) of his whistles were affected by changes in background noise.
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Figure 4.21 Center time of whistles across noise conditions (SPA).
Mean center time with standard error bars; * = p < 0.05, brackets connect data that are significantly different.

While SPA’s whistles were not affected in terms of response latency (defined as
the onset of the dolphin’s response following a stimulus, Table 4.1), center time (time it
took to arrive at the time interval of equal energy of a whistle, Table 4.1) was longer
during NBHL noise conditions, compared to the quicker responses during the WBLL
exposures (p = 0.018, Figure 4.21). Whistles produced in all three noise conditions were
significantly longer (p < 0.001, Figure 4.22) and louder (p  0.002, Figure 4.23) than
whistles in control trials.
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Figure 4.22 Whistle duration across noise conditions (SPA).
Mean whistle duration with standard error bars; * = p < 0.05, all noise conditions are different from control but not each other.
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Figure 4.23 Whistle amplitude across noise conditions (SPA).
Mean whistle amplitude with standard error bars; * = p < 0.05, all noise conditions are different from control but not each other..
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Figure 4.24 Whistle high frequency across noise conditions (SPA).
Mean high frequency with standard error bars; * = p < 0.05, brackets connect data that are significantly different, such as WBHL and
control.

SPA produced higher frequency whistles in the WBHL condition than those in
control conditions (p = 0.009, Figure 4.24). His whistles had more harmonics in both the
WBHL (p = 0.027) and NBHL (p = 0.044) exposure conditions as compared to the
control (Figure 4.25).
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Figure 4.25 Number of whistle harmonics across noise conditions (SPA).
Average number of harmonics with standard error bars; * = p < 0.05, brackets connect data that are significantly different.

4.2.3 Burst pulse responses
TYH produced burst pulses with higher durations than either BLU or SPA (p <
0.001, Figure 4.26), BLU’s burst pulses had higher center frequencies than either TYH or
SPA (p < 0.001, Figure 4.27), and all three dolphins produced burst pulses with
significantly different amplitudes from one another (p < 0.001, Figure 4.28). Therefore,
analyses to investigate differences between burst pulse parameters were conducted on
each dolphin independently.
4.2.3.1 BLU.
BLU produced different burst pulse parameters in each noise condition, F (9,
1088) = 3.624, p < 0.001, Wilks’ λ = 0.931, partial η2 = 0.024. The duration (F (3, 449) =
3.159, p = 0.025, partial η2 = 0.021) and center frequency (F (3, 449) = 3.453, p = 0.017,
partial η2 = 0.023) of her burst pulses were affected by changes in background noise.
While there were generally louder burst pulses (M = 163.9 dB re 1 μPa) emitted during
WBHL trials, their amplitude did not change significantly across noise conditions, F (3,
449) = 2.247, p = 0.082, partial η2 = 0.015 (Figure 4.28). Her burst pulses were
significantly shorter during WBHL exposures, compared to the longer burst pulses
emitted during control trials (p = 0.022, Figure 4.26). Additionally, BLU’s burst pulses
had a lower center frequency during NBHL exposures compared to control trials (p =
0.019, Figure 4.27).

55

Burst Pulse Diuration (s)

0.90
BLU
TYH

0.80

SPA
0.70
0.60
0.50
Control

0.6-5 kHz /
0.6-10 kHz /
125 dB re 1 μPa
115 dB re 1 μPa
Noise Condition

0.6-10 kHz /
125 dB re 1 μPa

Figure 4.26 Burst pulse duration across noise conditions.
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Mean burst pulse duration with standard error bars for each dolphin is represented by a different color line.
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Figure 4.27 Burst pulse center frequency across noise conditions.
Mean burst pulse center frequency with standard error bars for each dolphin is represented by a different color line.
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Figure 4.28 Burst pulse amplitude across noise conditions.
Mean burst pulse amplitude with standard error bars for each dolphin is represented by a different color line

4.2.3.2 TYH.
At least one of TYH’s burst pulse parameters varied across noise condition, F (9,
959) = 4.751, p < 0.001, Wilks’ λ = 0.899, partial η2 = 0.035. The amplitudes of his burst
pulses were affected by changes in background noise, F (3, 396) = 8.849, p < 0.001,
partial η2 = 0.063 (Figure 4.28). Specifically, burst pulses produced during all three noise
conditions were significantly louder than those produced during control trials (NBHL, p
= 0.014; WBLL, p = 0.042; WBHL, p < 0.001).
4.2.3.3 SPA.
SPA produced different burst pulse parameters in each noise condition, F (9, 978)
= 9.395, p < 0.001, Wilks’ λ = 0.817, partial η2 = 0.065. Specifically, the duration (F (3,
404) = 2.774, p = 0.041, partial η2 = 0.020) and amplitude (F (3, 404) = 27.622, p <
0.001, partial η2 = 0.170) of his burst pulses were affected by changes in background
noise. The duration of his burst pulse signals during WBHL exposures were significantly
shorter than those produced during control trials (p = 0.042, Figure 4.26). Burst pulses
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during all three noise conditions were also significantly louder than those in control trials
(p < 0.001, Figure 4.28).
4.2.4 Noise level vs. bandwidth
4.2.4.1 BLU.
Both noise level (F (7, 448) = 4.029, p < 0.001, Wilks’ λ = 0.941, partial η2 =
0.059) and bandwidth (F (7, 448) = 4.935, p < 0.001, Wilks’ λ = 0.928, partial η2 =
0.072) were significant predictors of change in BLU’s whistle parameters. While both
noise level and bandwidth had significant impact on the high frequency (F (1, 454) =
7.264, p = 0.007, partial η2 = 0.016; F (1, 454) = 14.432, p < 0.001, partial η2 = 0.031),
harmonics (F (1, 454) = 17.025, p < 0.001, partial η2 = 0.036; F (1, 454) = 21.048, p <
0.001, partial η2 = 0.044), and amplitude (F (1, 454) = 8.383, p = 0.004, partial η2 =
0.018; F (1, 454) = 19.590, p < 0.001, partial η2 = 0.041) of her whistles, noise
bandwidth also impacted the duration (F (1, 454) = 5.685, p = 0.018, partial η2 = 0.012)
and center frequency (F (1, 454) = 5.844, p = 0.016, partial η2 = 0.013) of BLU’s
whistles.
BLU’s whistles did not have significantly different high frequencies during high
level (125 dB re 1 μPa) and low level (155 dB re 1 μPa) exposures (p = 1.000; even
though they both differed from control, p  0.009), but they were significantly higher at
0.6-10 kHz bandwidth compared to both 0.6-5 kHz (p = 0.015) and control (p < 0.001)
trials (Figure 4.29A). Noise level and bandwidth have the same pattern for whistle
harmonics (level p = 0.108, bandwidth p = 0.012, Figure 4.29B) and amplitude (level p =
1.000, bandwidth p = 0.002, Figure 4.29C). This separation of noise level and bandwidth
can be especially seen in BLU’s duration data: The duration of whistles was not different
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between noise levels (p = 0.236) but was significantly different between bandwidths
(Figure 4.29D). Specifically, whistles were longer during wide bandwidth (0.6-10 kHz)
conditions despite the level of noise exposure (p = 0.01, Figure 4.29D).
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Figure 4.29 Whistle parameters across noise levels and bandwidths (BLU).
[A] High frequency, [B] number of harmonics, [C] amplitude, and [D] duration.

4.2.4.2 TYH.
Both noise level (F (7, 397) = 13.448, p < 0.001, Wilks’ λ = 0.808, partial η2 =
0.192) and bandwidth (F (7, 397) = 28.362, p < 0.001, Wilks’ λ = 0.667, partial η2 =
0.333) were significant predictors of change in TYH’s whistle parameters. While both
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noise level and bandwidth had a significant impact on the duration (F (1, 403) = 17.099,
p < 0.001, partial η2 = 0.041; F (1, 403) = 63.440, p < 0.001, partial η2 = 0.136), high
frequency (F (1, 403) = 5.773, p = 0.017, partial η2 = 0.014; F (1, 403) = 13.226, p <
0.001, partial η2 = 0.136), harmonics (F (1, 403) = 12.766, p < 0.001, partial η2 = 0.031;
F (1, 403) = 39.103, p < 0.001, partial η2 = 0.088), and amplitude (F (1, 403) = 49.102, p
< 0.001, partial η2 = 0.109; F (1, 403) = 43.072, p < 0.001, partial η2 = 0.097) of his
whistles, noise level also impacted the center frequency (F (1, 403) = 5.764, p = 0.017,
partial η2 = 0.014) of TYH’s whistles.
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Figure 4.30 Whistle parameters across noise levels and bandwidths (TYH).
[A] Amplitude, [B] duration, [C] high frequency, [D] harmonics, and [E] center frequency.
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TYH’s whistles were significantly louder during high level (p < 0.000) and wide
bandwidth exposures (p = 0.001, Figure 4.30A). TYH’s whistles did not have
significantly different durations during high and low level exposures (p = 1.000; even
though they both differed from control, p < 0.001), but they were significantly longer
during noise conditions with wide bandwidths compared to both narrow bandwidth (0.6-5
kHz, p < 0.001) and control (p < 0.001) trials (Figure 4.30B). Noise level and bandwidth
have the same pattern for high frequency (level p = 1.000, bandwidth p = 0.015, Figure
4.30C), and whistle harmonics (level p = 1.000, bandwidth p < 0.001, Figure 4.30D).
This separation of noise level and bandwidth can be especially seen in TYH’s center
frequency data: The center frequency of his whistles were significantly different between
high and low noise levels (p = 0.032) but were not different between bandwidths (p =
0.985, Figure 4.30D). Specifically, whistles had a lower center frequency during high
noise level conditions despite the bandwidth of noise exposure (Figure 4.30E).
4.2.4.3 SPA.
Only noise level (F (7, 404) = 4.029, p < 0.005, Wilks’ λ = 0.981, partial η2 =
0.019) significantly predicted change in SPA’s whistle parameters. Noise bandwidth did
not affect SPA’s whistle parameters overall, F (7, 404) = 1.125, p < 0.346, Wilks’ λ =
0.981, partial η2 = 0.019. One or both of the two noise levels produced significantly
different whistle durations (p < 0.001, Figure 4.31A), high frequencies (p = 0.003, Figure
4.31B), harmonics (p = 0.004, Figure 4.31C), and amplitudes (p = 0.001, Figure 4.31D)
as compared to control trials. However, the only whistle parameter that was significantly
different between the two levels was center time. Specifically, SPA had quicker
responses during low level noise conditions (p = 0.018, Figure 4.31E).
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Figure 4.31 Whistle parameters across noise levels and bandwidths (SPA).
[A] Duration, [B] high frequency, [C] harmonics, [D] amplitude, and [E] center time.
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4.3 Discussion
Three bottlenose dolphins varied in their responses to different background noise
conditions (control, NBHL, WBLL, WBHL), but all dolphins responded to changing
noise conditions with modified whistle and burst pulse parameters. Specifically, dolphins
produced whistles with higher amplitudes, more harmonics, and higher high frequencies
during WBHL exposures. Burst pulse duration was also modified most during WBHL
exposures. Although burst pulses had the highest amplitude during this condition, burst
pulses in the three noise conditions did not have statistically different amplitudes from
one another, and were only significantly louder than burst pulses in control trials.
4.3.1 Individual differences
Other than these few similar ways dolphins changed their whistle and burst pulse
parameters during the widest bandwidth and highest level (WBHL) noise conditions, all
three dolphins responded to the other noise conditions with unique vocal modifications.
TYH took longer to respond to the hearing test tone during the WBLL condition (as
compared to NBHL) (Figure 4.15 and 4.16). However, SPA responded with the opposite
strategy, and took longer to respond during NBHL trials. BLU had longer whistles during
WBLL exposures (compared to NBHL exposures), TYH had longer whistles in WBHL
trials, and SPA responded to all noise conditions with longer whistles compared to those
shorter whistles he produced during the control (Figure 4.6). None of the dolphins
responded to the noise conditions by significantly modifying the center frequency of their
whistles.
The three dolphins were affected by the different background noise conditions to
different degrees (Table 4.2). BLU’s whistles were primarily affected by noise at WBHL,
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as her whistles had a higher frequency, amplitude, and more harmonics in this condition.
However, her whistles in WBLL consistently had higher frequencies, amplitudes, and
harmonics than those in control, and were longer than those in NBHL as well. TYH’s
whistles were also primarily affected by WBHL with higher amplitudes, more harmonics,
high frequencies, and longer durations. However like BLU, his whistles changed in
WBLL conditions (longer and more harmonics than in NBHL and control, higher
amplitude than in control, and greater latency to respond than NBHL). Even his whistles
in NBHL were louder than in control trials. SPA’s whistles were most affected by the
WBHL condition (higher frequency and more harmonics than in control trials), but all
noise conditions were similarly louder and longer than those in control trials. Whistles in
NBHL conditions also had greater response times and more harmonics than whistles in
control trails.
In order to understand which property of the noise condition (i.e., level or
bandwidth) dolphins were most sensitive to, the noise condition was divided into two
independent variables. Although the three dolphins varied in their vocal responses, they
were each more sensitive to one property of noise. BLU was most sensitive to noise
bandwidth, as is best demonstrated by her whistles’ duration pattern. The whistles
produced during exposures with wider noise bandwidths (0.6-10 kHz) were significantly
longer than those produced in exposures with narrower bandwidths (0.6-5 kHz), despite
having a higher noise level. TYH had a similar response to noise bandwidth, particularly
in his whistles’ duration, harmonic, and high frequency parameters. SPA was the only
dolphin most sensitive to noise level (Table 4.2), which is best demonstrated by his
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whistles’ center time response. SPA was significantly slower to respond in high level
(125 dB re 1 μPa) conditions, regardless of the noise bandwidth (Figure 4.31E).
All dolphins produced significantly different burst pulses from each other. BLU
produced burst pulses with the highest center frequency (Figure 4.27), TYH produced the
longest (Figure 4.26), and SPA produced the loudest (Figure 4.28). All dolphins had
louder burst pulses during the three noise conditions and shorter burst pulse responses in
WBHL trials, compared to control trials, but only BLU and SPA had a significant and
consistent pattern in duration (Figures 4.28 and 4.26).
Table 4.2
Individual Differences
Response
Type
Whistles

BLU

TYH

SPA

Highest duration

Highest center frequency;
Slowest response

Highest high frequency;
Highest amplitude;
Most harmonics

Burst pulse

Highest center frequency

Highest duration

Highest amplitude

Whistle
sensitivity

WBHL> WBLL > NBHL/C

WBHL> WBLL > NBHL> C

WBHL > NBHL > WBLL > C

Burst pulse
sensitivity

WBHL/NBHL > WBLL> C

All > C

WBHL > WBLL/NBHL > C

Most
sensitive to

Frequency Bandwidth

Frequency Bandwidth

Level

Female

Male

Male

Highest (71 dB)

High (70 dB)

Lowest (58 dB)

Oldest (62)

Middle (36)

Youngest (30)

Sex
Hearing
threshold
Age

Note: Noise conditions are arranged by the number of modifications caused in whistle and burst pulse parameters. Number of
modifications caused during background noise conditions of wider bandwidth (0.6-10 kHz) or higher level (125 dB re 1 uPa) were
used to determine the noise property dolphins are most sensitive to and therefore the property of highest priority for that individual.
Hearing thresholds are based on average behavioral hearing threshold obtained during HTP data collection.
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4.3.2 Implications and significance
It is interesting that the three dolphins produced burst pulses with significantly
different parameters, even across the various noise conditions. While this research
question was not a part of this study, the finding suggests that there are unique qualities
concerning an individual’s burst pulses known as “victory squeals” (Ridgeway et al.
2014; 2015). Additionally, there may be trade-offs in the acoustic parameters (i.e., level,
frequency, and duration) of burst pulses that limit the modifications that can be produced,
and at the same time enables dolphins to adapt to that aspect of noise more easily (Table
4.2). For example, BLU produced the victory squeal with the highest center frequency.
This may have enabled her to be the only dolphin able to modify the frequency of her
burst pulse, but also may have limited her ability to significantly increase its amplitude.
SPA had opposite abilities; his victory squeal was the loudest and showed the largest
variation between noise conditions. However, his victory squeal is the lowest center
frequency (significantly lower than BLU), and was the only dolphin that did not
significantly modify the center frequency of his burst pulse in response to the noise
conditions.
The experimentally controlled nature of the three computer-generated noise
conditions allows for the individual analysis of noise properties. This cannot be
conducted in the same manner in the wild. Results demonstrate that dolphins are more
sensitive to one noise property over another. Therefore, individuals may be more affected
or more adaptable to sounds of either higher level or wider bandwidth. Noise properties
of highest priorities did not differ by sex (Table 4.2), but instead may have to do with
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previous histories, size, age, and very likely, the hearing sensitivity of the individual
(Table 4.2).
This is the first study to demonstrate the Lombard effect with bottlenose dolphins
in a controlled exposure experiment and is directly related to NIVM and welfare of wild
bottlenose dolphin counterparts (see e.g., Holt et al., 2015). Despite the many individual
differences dolphins had in responding and adapting to the three noise conditions, all
animals increased whistle and burst pulse amplitude significantly during rising levels and
bandwidths of background noise. Other NIVMs, such as the increases in whistle
harmonics and high frequencies may be inevitably linked to the rise in whistle amplitude.
However, the decrease of victory squeal duration during the widest frequency bandwidth
and highest level (WBHL) exposure may support the claim that victory squeals have a
social, emotional or dopaminergic component, which is then interrupted or disturbed
during anthropogenic noise exposures (Dibble et al., 2016; Ridgeway et al., 2014). This is
the first study to analyze the burst pulses known as victory squeals under various noise
conditions, and utilize a hearing test procedure in dolphins to acquire whistle responses
for use in a controlled exposure paradigm.
Although animal populations are made out of individuals that can vary, much like
BLU, TYH, and SPA, their similarities tell us how their responses may generalize to wild
counterparts, and their differences are equally helpful in understanding the variation in
response techniques that a population might have. These results examine specific doses
of two anthropogenic noises of concern, and can say with causal reasoning at what point
and how much vocal behavior is excessively used.
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CHAPTER V – CONCLUSIONS
Global noise pollution is increasing, and our understanding of how man-made
noise impacts marine mammals needs to increase in order to mitigate the harm that is
being done. Without the basic understanding of how marine species respond to noise, the
techniques they use to overcome masking, and causal dose-response evidence of the
Lombard effect, science cannot influence policymakers, environmental compliance
management, military units, or ship engineers.
Experiment I demonstrated that bottlenose dolphins responded to relatively high
simulated MFA sonar levels (185 dB re 1 Pa) by increasing the number of whistles and
loops they produced. Additionally, dolphins respond to sonar differently depending on
the level of exposure, and either decreased whistle abundance as sonar increased from
low to mid-range levels (115-160 dB re 1 Pa) or increased whistle abundance at high
levels ( 175 dB re 1 Pa). As controlled dose-response studies are difficult to
accomplish in the wild, this pattern may inform what wild populations consider midrange levels (as they may reduce number of vocalizations) or high levels (as they may
increase number of vocalizations and cease vital behaviors).
Experiment II provided causal dose-response evidence of the Lombard effect in
bottlenose dolphins, as they increased the level of their whistles and burst pulses as the
level of noise increased. They are also subject to other NIVMs, like increased harmonics,
high frequency, duration, and latency to respond. This study also explored the differences
in techniques individuals use to overcome masking, and the properties of noise (level or
bandwidth) to which individuals are most sensitive. Individuals most sensitive to level
will likely increase NIVMs equally in response to different types (i.e., bandwidths) of
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sound. Other dolphins may vary their responses based on noise bandwidth, and appear
desensitized to noise types with narrower bandwidths while still being affected by noise
with wider bandwidths, which would skew population data. Future research should
anticipate individual differences in sensitivity to noise properties in experimental design
and models. Additionally, controlled dose-response studies on background noise’s effect
on high-frequency dolphin signals, such as echolocation click parameters and function,
should be explored.
The levels and bandwidths at which sonar and background noise significantly
affected dolphins in Experiments I and II should be seen as conservative estimates. The
MMP dolphins are housed in natural water enclosures in San Diego Bay and are exposed
to boat traffic noise regularly, just like dolphins in the wild. However, wild dolphins do
not undergo extensive training and a lifetime of positive reinforcement for participating
in simple tasks like those described herein. Therefore, wild dolphins may be more
sensitive to noise than MMP dolphins and produce NIVMs at lower noise levels and
bandwidths.
This dissertation adds to the field’s understanding of how bottlenose dolphins
utilize noise induced vocal modifications to respond to two types of anthropogenic noise,
complements field studies of odontocete NIVM in the wild, and helps to inform better
management of the noise in our oceans.
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